Noble-metal nanoparticles have been widely employed in catalysis. As catalytic properties are dependent on their physical/chemical parameters, strategies for their controlled synthesis and the understanding of performance relationships have gained attention. In this review, we discuss developments on welldefined noble-metal nanoparticles focusing on relationships between performance and physical/ chemical features. We begin with the control over shape, composition, and size. Then, we focus on nanoparticles with hollow interiors, which provide further possibilities for performance optimization. We provide a case-by-case discussion to illustrate how, in addition to the hollow interiors, the control over their composition, size, and surface morphology relate to catalytic performance.
Introduction
Catalysis is a central discipline in science and industry. [1] [2] [3] Catalysts are used in several chemical transformations (at least in one step of the productive process) encompassing the elds of petrochemistry, pharmaceuticals, transportation, environmental remediation, among others. 1, 4 The catalyst can be considered as the heart (and the brain) of catalysis, being responsible for the substrate conversion and the selectivity towards the desired products. Recently, due to the increasing demand for chemical processes with improved efficiencies, minimization on the generation of waste, less energy consumption, and use of green conditions, a lot of attention has been directed to optimizing the operating conditions (parameters of process engineering) and developing catalysts with improved activities and selectivity. In this context, the use of nanoparticles (NPs) as catalysts has emerged as a promising alternative towards a variety of chemical transformations. 5 The recent interest in the utilization of metal NPs in catalysis is due to their high surface areas, which favor the interaction between the reactants and the surface of the catalysts. This, in turn, leads to high activities even under mild conditions. This attribute was originally associated with homogeneous catalysts. However, as nanoparticles are not soluble in the reaction mixture, we can say that they bridge the gap between homogeneous and heterogeneous catalysis, unifying the advantages of both approaches.
2-4,6,7 Therefore, NPs can combine the maximum exposure of active sites as in the homogeneous catalysis (use of NPs with sizes progressively decreased until the single-atom limit) and the possibility of separation, purication, and reuse as in the heterogeneous catalysts.
2-4,6,7 Interestingly, it has been shown that the catalytic properties of nanoparticle catalysts are strongly dependent, and therefore can be controlled and optimized, as a function of several physical and chemical parameters that include size, shape, composition, and structure (solid or hollow interiors). Consequently, the eld of nanocatalysis has blossomed in the last decades, and important developments in terms of activities, selectivity, and durability have been reported. [8] [9] [10] [11] [12] For instance, excellent and comprehensive reviews have been published on the control of size, shape, composition, and structure in NPs for catalytic applications.
13-16
Among several nanocatalysts, those based on noble metal NPs deserve special attention due to their electronic, chemical, and even optical properties (in the case of transformations enhanced or mediated by plasmonic effects). [17] [18] [19] Nevertheless, conventional catalysts based on noble metal NPs obtained by solution phase methods still display poor or little control over their properties (size, shape, composition, facet exposition, etc.) and, consequently, show limitations in terms of the understanding of stability, activity, and selectivity. 20, 21 As the catalytic performance in noble metal NPs is strongly dependent on their physicochemical properties, the precise control over these parameters has gained much importance and notoriety.
22-28 For example, a large variety of noble metal-based nanomaterials have been reported as catalysts towards a wealth of transformations as shown in Table 1 .
The use of controlled metallic nanoparticles in catalysis has been recently reviewed by Schüth and Jia. 19 The authors presented several strategies for the synthesis of colloidal metal NPs with controlled sizes and shapes as well as their applications in catalysis. The authors also discussed strategies to generate supported metal catalyst with pre-synthetized colloidal metal particles as a component and embedded metal catalysts, in which the colloidal NPs are isolated inside pores of the support material. 19 Here, we aim at providing an update on the progress and examples involving the control over shape, composition and size of NPs for catalytic applications. We also include in our discussion catalysts in which the active phase is present as single atoms, which recently gave rise to the eld of single-atom catalysis. Moreover, we discuss nanocatalysts based on hollow nanomaterials obtained by galvanic replacement. These materials allow one to tailor both electronic and geometric effects, and maneuver more than one physical/chemical parameter that dene the nanocatalyst at a time, enabling unique possibilities for improved performances.
29-33
As pointed by Cuenya and Behafarid, 14 new catalytic properties encompassing signicantly enhanced reactivities and selectivity have been reported for metal NPs. In particular, the authors discussed how, guided by the intuitive explanation based on surface-to-volume ratios, the progressive decrease in the size is a powerful tool to maximize surface area and thus enhance the catalytic performances. [23] [24] [25] 34, 35 In addition, it was discussed how nanoparticle size and shape strongly inuences the chemisorption of substrates, intermediates, and products, therefore inuencing catalytic properties.
14
For example, quantum size-effects and the presence of under-coordinated surface can play an important role over catalytic properties as the NPs size is decreased.
14 The control over shape, on the other hand, enables the exposure of distinct atomic arrangements at the surface, which display different chemisorption features.
14 While the authors reviewed some experimental approaches for the synthesis of controlled NPs and the role of size, shape, and metal-support interactions in nanocatalysis, we also aim to discuss herein how this knowledge can serve as the basis for the control and understanding in systems where more than one physical and chemical parameter can be controlled at a time, such as hollow nanoparticles obtained by galvanic replacement reaction.
In this context, in addition to the control over size, shape, and composition, the fabrication of metal NPs with hollow interiors have gained increased attention in nanocatalysis due to the possibility of creating active sites in the NPs. 15, 16, [36] [37] [38] The control over the NPs structure by the introduction of hollow interiors allows for higher surface-to-volume ratios relative to solid counterparts. This enables one to reduce the loading of noble metals and avoid the presence of "wasted" atoms that do not come into contact with substrate molecules (atoms in the interior of a solid nanoparticle). [39] [40] [41] [42] [43] [44] [45] Basically, a hollow nanomaterial is characterized by the formation of a hole or void in its interior, and the precise understanding on how this hole affects the catalytic performance remains challenging. 46 With the creation of holes, an increase in the number of active sites is achieved due to larger surface areas and the fact that such structures can allow external reactants to access the interior of the nanostructures. 15 Interestingly, it has been also established that hollow nanomaterials allow the formation of more reactive inner sites associated with the exposure of highly reactive sites including stacking faults, twin planes, and high index facets, which makes hollow nanomaterials promising candidates in the context of nanocatalysis. [46] [47] [48] Because of these features, several well-dened hollow nanomaterials have been developed and employed in nanocatalysis as illustrated in Fig. 1 . These include tubes, shells, cages, frames, dendrites, among others.
47,49-63
Lee et al. 15 and Yu et al. 16 recently reviewed important strategies for the synthesis of hollow nanomaterials. In addition to the syntheses, the authors discussed how the electrocatalytic performances were dependent on the materials physical and chemical features. While Yu et al. 16 mainly focused on the synthesis of 1D hollow and alloyed nanotubes, Lee et al. 15 also covered several NPs systems. In this case, the discussed experimental strategies for the synthesis of the hollow nanoparticles included heteroepitaxial growth followed by template removal, non-epitaxial growth followed by template removal, Kirkendall effect, and galvanic replacement reaction. In both these review articles, the authors targeted application of these controlled nanostructures in the eld of electrocatalysis.
In this review, we focus on some important aspects concerning the physical and chemical control of noble metal NPs for applications in nanocatalysis. Our goal is to provide an account of the most traditionally employed strategies for optimizing catalytic performances in noble metal NPs: control over NPs shape, composition, and size. In these examples, only one of these properties is varied at a time, followed by the investigation of their inuence on catalysis. We then focus on NPs with hollow interiors as an alternative approach to achieve high catalytic performances. In these systems, we will illustrate that we can maneuver more than one physical/chemical parameter that denes the NPs at a time, which opens further possibilities for the optimization of performances. Specically, we provided a case-by-case discussion showing how, in addition to the hollow interiors, the control over their composition, size, and surface morphology relate to their catalytic properties and performance vs. physical/chemical features relationships.
Controlling shape, composition, and size in noble-metal NPs
Shape-controlled NPs have been widely employed as model systems to unravel facet-dependent catalytic performances, which are referred to as geometric effects. It has been demonstrated that there is a strong dependence between performance (both activity and selectivity) and shape, which have been demonstrated by both computational and experimental studies. [64] [65] [66] [67] There is a consensus that catalytic activity and selectivity is dependent on the atomic arrangement of the surface, which in turn can regulate adsorption energies and geometries of substrate molecules and intermediates during a molecular transformation. [64] [65] [66] [67] It is noteworthy that geometric effects that are important in nanocatalysis also include (in addition to the surface arrangement) the presence of steps, kinks, and atoms with low coordination numbers relative to atoms with high coordination numbers.
68
As a notable example for demonstrating how shape can affect the catalytic activity (geometric effects), we highlight the formic acid electrooxidation in the presence of Pd nanomaterials having different proportions of {100} and {111} facets exposed at their surfaces, as depicted in Fig. 2 . 69 In this case, a seed-mediated approach using preformed Pd nanocubes as the seeds for additional Pd deposition via the reduction of Na 2 PdCl 4 in the presence of formaldehyde (considered a relatively mild reducing agent) was employed.
70 By simply controlling the ratio between Na 2 PdCl 4 and the Pd seeds, well-dened nanomaterials were obtained in high yields.
70 This included cubes ( Fig. 2A ), truncated cubes (Fig. 2B) , cuboctahedrons ( Fig. 2C ), truncated octahedrons (Fig. 2D ), and octahedrons ( Fig. 2E) . Thus, as the obtained nanomaterials presented welldened shapes and a systematic difference in the proportion of {111} to {100} facets, they could be employed as proof-ofconcept systems to the precise understanding over the relationship between shape and the catalytic performance (Fig. 2F ).
The catalytic experiments showed that activity increased with the exposure of {100} surface facets (that are more active towards the formic acid electrooxidation compared to {111} facets). 57 Specically, a gradual increase in the maximum current density was observed when truncated cubes, cuboctahedrons, truncated octahedrons, and octahedrons were used as electrocatalysts. Here, following this sequence of shapes, a progressive increased in the exposure of {111} facets is observed, which justied the decrease in the catalytic performance due to the lower activity of the {111} facets compared to {100}.
57
Furthermore, the control over nanoparticle composition (electronic effects) has also been effective towards the optimization of catalytic activities and selectivity. 66, 67, 71, 72 In this case, the electronic effects dictate the electronic status of active sites, which be adjusted by changing the local composition, for example.
68 This is imperative for allowing the activation of the reactants while not enabling the binding of reaction intermediates or products too strongly to prevent poisoning of active sites (Sabatier principle). 68, 73 The electronic effect can, therefore, lead to a change in the electronic structure of an active site catalyst, changing the way that its d-band interacts with the molecules/adsorbates and therefore changing the binding strength. 74, 75 In this context, the synthesis of multimetallic nanoparticles represents an effective strategy to modify the electronic structure of metal nanoparticles and, consequently, enhance their catalytic properties. 27, 38 In the past few years, many studies have been reported on the correlation between geometric and electronic effects with catalytic activity. Traditionally, these effects are not easily decoupled from each other in dictating enhancement of catalytic activity of metal NPs.
76
However, important contributions have been made recently regarding the understanding of the role played by electronic and geometric effects. 76, 77 In fact, this understanding represents an important challenge to modulate the performances of catalytic NPs. For example, Liang et al. recently reported on the synthesis of two Pt-Cu catalysts that served as model systems to investigate the contribution from each of these effects over the selective hydrogenation of p-chloronitrobenzene by Pt nanoparticles. 77 It was found the electronic effect from Cu to Pt played a crucial role over the catalytic performance, while the geometric effect led to weak catalytic activity in this system. 77 It is clear that composition strongly affects catalytic activities in noble-metal NPs. 27, 38, 64, [78] [79] [80] Considering the large applicability of catalysis, it can be stated that even slight changes in the composition of a catalyst (reducing the loading of a more expensive metal, for example) can have large economic and environmental impacts. In this context, the substitution of noble metals (Pt, Pd, Ru, Rh, and Ir) by less expensive ones (Cu, Fe, Ni, Co, etc.) or the enhancement on their properties by addition of other elements are highly desired. However, the origin of the improvement of catalytic activity coming from the difference of composition is very difficult to be unraveled (electronic effect). For example, in these systems, while the term "synergism" has been vastly explored, its origin remains unclear in several studies.
There are several examples in which multimetallic nanomaterials enabled one to enhance signicantly catalytic performances as compared to the monometallic counterparts. It has been proposed that compositional variations in multimetallic nanomaterials directly affected the electronic state of their constituents and, consequently, their reactivity, adsorption energies, and geometries of substrate molecules, and thus catalytic behavior. However, compositional variations can also affect spatial arrangement and atomic ordering, which leads to signicant changes in the properties as a consequence of surface segregation, faceting, diffusion, and others. 81 In order to illustrate the effect of the composition on the catalytic activity, we selected two proof-of-concept examples. In the rst, as shown in Fig. 3 , Pt x Cu 100Àx nanocubes were prepared by a co-reduction approach, in which platinum(II) acetylacetonate ([Pt(acac) 2 ]) and copper(II) acetylacetonate ([Cu(acac) 2 ]) precursors were simultaneously reduced by oleylamine in the presence of 1-octadecene, 1,2-tetradecanediol, tetraoctylammonium bromide, and 1-dodecanethiol. 82 In this approach, by adjusting the molar ratio between the metal precursors, nanocubes with different compositions were synthetized in the range of 20 up 46 at% for Cu (Fig. 3A-E) . These systems were evaluated as electrocatalysts towards the formic acid oxidation (Fig. 3F) . A decrease in the activity was observed when the amount of Cu was increased, probably due to the superior activity of Pt as compared to Cu. However, an interesting behavior was observed: the Pt 80 Cu 20 nanocubes (20 at% of Cu) was the best electrocatalyst even comparing with pure Pt nanocubes with similar sizes. In fact, it showed showing superior activity, stability, and CO tolerance. 82 The enhancement in the performance of this nanomaterial was associated with the formation of an alloyed structure displaying a lower tendency for the OH À chemisorption, which is a well-stablished poison for formic acid oxidation. This hypothesis was evidenced by a shi of the onset potentials of OH À electrosorption to more positive values.
83
In the second example (Fig. 4) , Ag x Pd 100Àx nanomaterials displaying controlled compositions and narrow size distributions were also obtained by the co-reduction of the respective Ag and Pd precursors (AgNO 3 and Pd(acac) 2 ) using octadecylamine as both reducing agent and solvent in the absence of any other stabilizer or capping agent. 84 This led to the formation of spherical nanoparticles with controlled compositions (Fig. 4A-E) . The Ag x Pd 100Àx nanomaterials were employed as nanocatalysts towards hydrodechlorination of 4-chlorophenol under room temperature and atmospheric pressure, in which the effect of the nanomaterial composition showed a strong inu-ence in the catalytic behavior. In terms of turnover frequency, a volcano-like prole was detected, in which the AgPd nanomaterial displaying 90 at% of Pd presented the best activity. This behavior was assigned considering the effect of each component together with a mechanism in which Ag atoms are responsible for the adsorption the chlorinated substrate and the cleavage of the C-Cl bond. 66 Furthermore, Pd atoms aided the H 2 dissociation in order to supply the H atoms to regenerate metallic Ag from AgCl.
84
The control over NPs size perhaps represents the most primitive and intuitive property in the context of synthesis, characterization, and application of nanomaterials in catalysis. This is because nanocatalysis is a surface phenomenon, in which molecules and active sites interact intimately as the reaction proceeds. Thus, in the context of the catalytic reaction itself, only surface atoms are considered active and, therefore, in addition to their reactivity, their availability relative to the atoms in the interior of the nanoparticle is crucial. 24, 34, 58, [85] [86] [87] Hence, it is not a surprise that the size-controlled synthesis of metal nanomaterials is an important strategy to improve the catalytic activity per mass unit of metal. In addition to increased surface areas, size can also enable the exposure of more reactive sites, such as surface defects, low-coordination, and unsaturated atoms.
88,89
In order to illustrate these features, Rh nanomaterials displaying controlled sizes were quickly synthesized (15 minutes) by a microwave-assisted polyol method, in which different polyalcohols were employed as reducing agents under the same synthetic conditions, as shown in Fig. 5 . 90 More specically, Rh 3+ ions were reduced using ethanol (Fig. 5A ), ethylene glycol (Fig. 5B ), diethylene glycol (Fig. 5C ), 2-ethoxyethanol (Fig. 5D ), triethylene glycol (Fig. 5E ), or 2-(2-ethoxyethoxy)ethanol (Fig. 5F ) as reducing agents and PVP as the stabilizer. 90 Polyalcohols with higher reduction potentials led to the formation of smaller Rh nanomaterials because of faster precursor reduction rate. 17 Aer incorporation of the obtained Rh nanomaterials (1 wt% Rh basis) onto g-Al 2 O 3 support by a wetimpregnation method, their catalytic activities were investigated in the CO oxidation reaction as a function of size. Interestingly, no aggregation or sintering of Rh nanomaterials was observed aer the wet-impregnation step and a good correlation between size and performance could be established.
90 Fig. 5G shows CO oxidation proles as a function the temperature and each Rh nanocatalyst. As expected, the catalytic activity increased as NPs size decreased. These results were supported by CO chemisorption data, which showed a progressive increase in the number of Rh exposed atoms with the decrease in NPs size. As depicted in Fig. 5H , larger nanoparticles also showed higher temperatures for total CO conversion due to their lower catalytic activity.
Regarding the effect of size in nanocatalysis, it can be stated that the ultimate limit for size reduction is the use of single atoms as active sites. In fact, recent developments in synthesis, characterization, and modeling enabled the area of single-atom catalysis to emerge as a novel frontier in heterogeneous catalysis (and nanocatalysis). [30] [31] [32] [33] Single-atom nanocatalysts can be dened as systems that integrate spatially isolated metal atoms on appropriate host matrices.
32,91 Therefore, these catalysts uniquely allow for the maximum utilization per metal atom while also being easily recovered and re-used (taking advantages of the most attractive features of both heterogeneous and homogeneous catalysis). Furthermore, they can present different reactivities and reaction pathways as compared to both nanoparticles and metal complexes analogs. In these systems, the support not only acts as a dispersing agent for the active phase atoms but also play an important role in tuning catalytic properties.
29,30,33
One of the pioneering examples of single-atom catalysis is a system composed of Pt atoms dispersed in a FeO x matrix (denoted Pt 1 /FeO x ).
92 This catalyst was obtained by a coprecipitation method. In this case, low amounts of Pt precursor were added into an aqueous solution containing a Fe precursor. In a second step, both Pt and Fe were precipitated with Na 2 CO 3 under controlled temperature and pH conditions. 92 Here, two Pt/Fe atomic ratios were employed, which led to the formation of Pt 1 /FeO x catalysts with 0.17 and 2.5 wt% in Pt basis. More specically, 0.17 wt% was achieved using a Pt/Fe atomic ratio of 1/1430 (sample A) and 2.5 wt% was achieved using a Pt/Fe atomic ratio of 1/95 (sample B). Fig. 6A , B and C, D show HAADF-STEM images of samples A and B, respectively, in which it can be observed that individual Pt atoms were uniformly incorporated in the FeO x structure (white circles). For the sample A (0.17 wt% in Pt basis), individual Pt atoms were uniformly incorporated in the FeO x structure, in which Pt atoms occupy the same positions of the Fe atoms. When the amount of Pt was increased to 2.5 wt% (sample B), besides isolated atoms (white circles), other Ptbased structures were also detected including ras (black circles) and clusters (white squares). However, Pt nanomaterials with sizes above 2 nm were not identied, indicating the robustness of this reported approach. 92 These Pt 1 /FeO x nanomaterials were evaluated towards both CO oxidation and preferential oxidation of CO in H 2 (PROX) reactions. As depicted in Fig. 6E , both Pt 1 /FeO x samples showed extremely high catalytic activities for both CO oxidation and PROX reactions compared to the commercial Au/Fe 2 O 3 catalyst (which was used as a standard to benchmark performance). Here, the authors proposed that the formation of Pt single-atoms are responsible for the increase in the number of vacant d orbitals due to the electron transfer from Pt atoms to the FeO x support, leading to the formation of positively charged Pt atoms, which are highly active and also contribute to the stabilization of the Pt atoms due to their strong binding with the FeO x support. 
Hollow nanomaterials obtained by chemical templating: controlling more than one physical/chemical parameter at a time
In the previous sections, the development of controlled nanomaterials for the optimization of catalytic activities focused on the control over one parameter at a time, such as shape, composition, and size. However, it is plausible that major optimizations and understanding in nanocatalysis may require the manipulation of more than one physical/chemical parameter that denes a nanocatalyst at a time. 6, 58, 93 The synthesis and utilization of hollow nanomaterials obtained by chemical templating may offer a good opportunity to move towards this goal. The galvanic replacement reaction, for example, represents a well-established and versatile method to the synthesis of hollow materials having bimetallic compositions and ultrathin walls in one step. 38, 41, 94 It consists of a redox reaction between a less noble metal, employed as a sacricial template, and metal ions in solution (more noble metal relative to the sacricial template). Here, the differences in the electrical reduction potential drive the oxidation and dissolution of the sacricial template together with the reduction of the metal ions in solution and its deposition at the surface of the template. This method is facile, relatively fast (reactions can take place under 15 min), and can be employed using water as a solvent and ambient conditions.
28,41,95,96
It is important to note that several hollow nanomaterials obtained by galvanic replacement have been reported and employed in nanocatalysis, in which better performances have been observed and assigned to the increased surface areas and bimetallic compositions. 38, 41, 46, 79 In one example depicted in Fig. 7 , AgAu-based nanoboxes, nanocages, and their solid counterparts were investigated as catalysts towards the reduction of 4-nitrophenol by NaBH 4 . 97 As depicted in Fig. 7A , these materials were synthesized by a galvanic replacement reaction between Ag nanocubes and AuCl 4 À . By adding progressively increased amounts of AuCl 4 À during the galvanic replacement reaction with Ag nanocubes, three different Au-based hollow nanostructures were prepared: partially hollow nanoboxes (Fig. 7B) , nanoboxes (Fig. 7C ), and nanocages (Fig. 7D) . As expected, the catalytic activity increased with the degree of hollowing (Fig. 7E) , which enabled the superior specic surface area compared to solid nanomaterials. They also presented ultrathin and porous walls, which can present a much higher activity due to the size effect and exposure of reactive sites.
97
In another example, the synthesis of AgAu nanorings by the galvanic replacement reaction between preformed Ag nanospheres and AuCl 4(aq)
À precursor was performed using water as solvent and PVP as a stabilizer, as depicted in Fig. 8A . Here, the AgAu nanorings could be formed via the precise control over the Ag/AuCl 4(aq) À molar ratios (Fig. 8B) . 41, 81, 98, 99 In order to investigate the catalytic activity of the produced AgAu nanorings, the 4-nitrophenol reduction was employed as a model reaction comparing to Au and Ag nanospheres with similar sizes as shown in Fig. 8C and D, respectively. In this case, probably due to their superior specic surface area, the AgAu nanorings displayed signicantly enhanced performances relative to the both Ag and Au nanospheres (Fig. 8E-G) . More specically, considering the parameters obtained from the microscopic analyzes and the metal loading employed in the catalytic experiments, the calculated surface area of the nanostructures corresponded 1630, 1570, and 5100 m 2 mol
À1
for Ag nanospheres, Au nanospheres, and AgAu nanorings, respectively. Thus, the surface area for the nanorings was 3.1 and 3.2-fold higher relative to Ag and Au NPs, respectively, which reinforces the superior catalytic activity. Finally, the AgAu nanorings re-used for ten rounds without any loss of activity (Fig. 8H) .
In its simplest form, the galvanic replacement reaction allows us to control the degree of hollowing and thus surface area as well as surface composition (controlling the molar ratio between sacricial templates and precursor metal ions). In this context, by using different metal ions as precursors, we can further control composition to enable the synthesis of trimetallic nanomaterials with hollow interiors. Besides, by controlling the shape of the metal employed as sacricial templates, we can also control the shape of the nal material (in addition to the degree of hollowing and composition). Finally, by coupling galvanic replacement with co-reduction, the surface morphology can be maneuvered in addition to the degree of hollowing, shape, and surface composition. In the next sections, we will highlight some examples in which the galvanic replacement reaction was employed to develop controlled nanomaterials maneuvering more than one physicochemical parameter at a time. This will be followed by their application as model systems in nanocatalysis targeting optimization of performances and the establishment of properties relationships.
Controlling composition in hollow NPs: from bimetallic to trimetallic systems
The synthesis of trimetallic nanomaterials represents an interesting strategy in nanocatalysis. 27, 42 Nevertheless, the exact role played by each metal component in the overall catalytic performances remains unclear. In most cases, in addition to different compositions, the reported catalysts have a large range of size distribution and poor control over shapes, which makes difficult to isolate the inuence of the composition itself over the observed performances. In order to address this challenge, the galvanic replacement reaction represents an interesting approach. For instance, in the galvanic reaction, control over composition to generate trimetallic systems can be performed by using more than one metal ion precursor and adjusting the molar ratio among the precursors that will give rise to the desired nanomaterial.
40,41,79
Based on this strategy, the synthesis of trimetallic nanoshells has been recently reported by our group. 27 We focused on trimetallic nanoshells having AgAuPd, AgAuPt, and AgPdPt compositions and compared their performances and their AgAu, AgPd, and AgPt bimetallic counterparts in order to gain insights on the role played by the addition of the third metal over the activities (Fig. 9) . 27 As depicted in Fig. 9A , bi-and trimetallic nanoshells with similar sizes and morphologies could be produced in a range of compositions by a sequential galvanic replacement approach, in which Ag nanospheres were employed as chemical/sacricial templates in the presence of different amounts of the desired metal precursors (AuCl 4(aq) À , PdCl 4(aq) 2À , and/or PtCl 6(aq) 2À ). We selected three trimetallic nanoshells as model systems. In this case, the similar sizes and shapes allowed us to isolate the effect of the composition on the catalytic activity and evaluate the effect of the progressive addition of active components on a nanocatalyst. (Fig. 9E ) and the positive effect of the composition, especially aer the addition of the third metal, in the catalytic activities of all trimetallic nanoshells could be observed (Fig. 9F) . Fig. 9F shows bar graphs representing the percentages of 4-nitrophenol reduction catalyzed by bi-and trimetallic nanoshells as a function of their atomic compositions: Ag, Au, and Pd (le); Ag, Au, and Pt (middle); and Ag, Pt, and Pd (right). In all cases, the trimetallic nanoshells showed superior catalytic activities compared to their bimetallic counterparts due to the addition of a third metal. The conversion percentages for the trimetallic nanoshells were superior to the sum of their bimetallic counterparts, illustrating the synergism of properties between the three metals relative to the bimetallic compositions. 27 These results showed that the control over composition (moving from bi-to trimetallic) and structure (solid interiors) represents a promising strategy for boosting catalytic activities.
Controlling composition and surface morphology in hollow NPs: changing the size of Ag NPs as sacricial templates
It is well-established that size plays an important role over catalytic activities of solid nanoparticles, in which activities usually increases with a decrease in size due to larger surface-tovolume ratios. 24, 34, 100 In nanocatalysts comprised of hollow nanomaterials (such as nanoshells), these size variations may be more difficult to visualize. This is because, in addition to the outer diameter, shell thickness and surface morphology also inuence the surface area. In order to better understand how outer diameter, shell thickness, and surface morphology collectively inuence catalytic performances, the synthesis of AgPt nanoshells from the galvanic reaction with Ag NPs having different sizes was performed. 58 They were prepared by a twostep synthesis. In the rst step, Ag nanoparticles displaying controlled sizes were obtained by a seed-mediated synthesis. In the second step, the as-prepared Ag nanoparticles displaying controlled sizes are employed as templates in a galvanic replacement reaction using PtCl 6 (Fig. 10C) , and AgPt 163 nm (Fig. 10D) , respectively. Interestingly, in addition to the outer diameters, by simply varying the sizes of Ag nanoparticles used as starting materials, we could also control other properties such as shell thickness and the surface morphology, which affected Pt surface area. Specically, the surface area based on Pt (based on H 2 chemisorption analyzes and HRTEM analyzes) increased with the size of the AgPt nanoshells because larger nanoshells were comprised of smaller Pt islands at their surface.
58
Aer their incorporation onto the surface of commercial SiO 2 support, the AgPt nanoshells were evaluated as a catalyst toward the gas-phase oxidation of benzene, toluene, and o-xylene as a function of their sizes (Fig. 10E-I) . The best values of BTX oxidation were achieved for the bigger AgPt nanoshells. Speci-cally, the catalytic activities of the AgPt/SiO 2 nanocatalysts decreased following the order: AgPt 163 nm/SiO 2 > AgPt 133 nm/ SiO 2 > AgPt 105 nm/SiO 2 > AgPt 95 nm/SiO 2 . This data indicates that the surface morphology played the dominant role relative to shell thickness and outer diameter to produce higher surface areas and therefore higher catalytic activities. In addition to the control over composition and degree of hollowing, the shape (and thus the nature of surface exposed facets) in hollow nanomaterials can be tuned by using NPs having different morphologies as sacricial templates. Therefore, by combining the principles discussed in the previous sections with the use of nanocrystals with well-dened shapes as chemical templates, bimetallic nanomaterials with controlled surface morphologies, shapes, compositions, and hollow interiors can be obtained. In order to illustrate this concept, AgPt spherical nanoparticles displaying smooth or rough (assembled nanoparticles) surfaces and AgPt nanotubes displaying smooth and rough surfaces can be developed, as illustrated in Fig. 11A-D , respectively. 28 For the synthesis of spherical AgPt hollow nanomaterials with controlled surface morphologies, Ag spheres were employed as templates in galvanic replacement reaction with PtCl 6(aq) 2À precursor. When the conventional galvanic reaction was performed at 100 C in the presence of PVP, the formation of nanoshells with smooth surfaces was observed (Fig. 11A) .
41,81
However, aer addition of hydroquinone as an auxiliary reducing agent to the galvanic reaction, AgPt assembled nanoparticles was formed (rough surfaces, Fig. 11B ) due to the deposition of Pt islands at the surface provided by this additional reducing agent. 101 In the synthesis of AgPt tubes, the temperature enabled the control over the surface morphology. In this case, the galvanic replacement reaction in the presence of PVP at 100 C led to the formation of nanotubes with smooth surfaces (Fig. 11C) as a result of the epitaxial Pt deposition over the surface of the Ag nanowires templates, while nanotubes with rough surfaces were produced at room temperature (Fig. 11D ).
102
These characteristics led to signicant differences in the surface properties of the obtained hollow nanomaterials such as crystallinity, preferential facet orientation, and available surface area. More specically, AgPt nanoshells and assembled nanoparticles displayed polycrystalline surfaces with a mixture of {111} and {100} surface facets in agreement with the polycrystalline nature of the Ag spheres employed as templates. Here, the number of Pt surface atoms corresponded to 4.25 and 1.70 mmol per gram of catalysts for nanoshells and assembled nanoparticles, respectively. This difference can be associated with the thicker shell structure of the assembled nanoparticles. Regarding the AgPt nanotubes, the smooth nanotubes displayed a single-crystalline surface enclosed by {100} side facets while the rough nanotubes were polycrystalline enclosed by a mix of {111} and {100} surface facets. However, both nanotubes presented similar values of a number of Pt surface atoms (4.10, and 4.56 mmol per gram of catalysts for nanotubes with smooth and rough surfaces, respectively).
The catalytic activities of the AgPt hollow nanomaterials were evaluated towards the CO oxidation as a model reaction (Fig. 11E) . To this end, all the syntheses were successfully scaled-up by 100 folds and all nanomaterials were incorporated onto commercial SiO 2 support with Pt loading corresponding to 1 wt%. According to with the CO conversion percentages as a function of temperature (Fig. 11F) , the catalytic performances of the AgPt/SiO 2 materials decreased in the following order: nanotubes with smooth surfaces > nanotubes with rough ¼ surfaces nanoshells > assembled nanoparticles, which could be clearly related to their surface properties. For the nanotubes, as both presented similar value of Pt surface atoms, the difference in their catalytic activities can be attributed to their surface facet exposition. In this case, it has been reported that the CO and formic acid oxidation catalyzed by noble metal nanoparticles display a facet-dependent behavior, in which {100} facets show enhanced catalytic activities towards the CO and formic acid oxidation.
62,69,103-105 Thus, as the nanotubes with smooth surfaces were enclosed by {100} surface facets, is expected a superior catalytic performance. Interestingly, as depicted in Fig. 11G , all AgPt/SiO 2 catalysts showed good stabilities under the employed experimental conditions without any signicant loss of activity even aer 15 hours of processing showing their applicability as catalysts in gas-phase transformations.
Concluding remarks and perspectives
We have discussed herein the importance of the control over several physical/chemical parameters in noble-metal nanomaterials for the optimization of the catalytic properties. We focused on the control over shape, size, composition, structure (solid or hollow interiors) and combinations thereof. We started by focusing on the control over one physical/chemical parameter at a time, such as shape, size, and composition, and then moved to experimental strategies that allow for the control over more than one physical/chemical parameter at a time in hollow nanomaterials. In this case, we focused on NPs prepared by galvanic replacement as a proof-of-concept system. By selecting some representative examples, we discussed how the control over these physical/chemical features was important for the understanding of catalytic performances. We believe that this precise understanding is crucial to enable the rational design of catalysts, in which the desired physical/ chemical features can be planned and the nanomaterial prepared for achieving the target reactivity and selectivity towards a molecular transformation. This ambitious and exciting goal represents one of the bottlenecks in the eld of nanocatalysis and requires progress in the context of NPs synthesis, catalytic assessment, the study of catalytic enhancement mechanisms, reaction pathways, modeling, and ex situ, in situ, and in operando characterizations.
Even though it was briey discussed in this review, the ultimate control over size represented by single-atom catalysts has emerged as a promising new frontier in heterogeneous catalysts. These catalytic systems display an enormous potential and represent an exciting direction of the eld as they possess the best advantages of both homogeneous and heterogeneous catalysis. This area is progressing rapidly, and developments in the areas of controlled synthesis, catalytic evaluation, and understanding of catalytic enhancements together with advanced characterization and modeling are of paramount importance towards the rational design of single-atom catalysts.
The combination of catalytic materials with semiconducting and plasmonic materials also represent interesting areas in which we can combine catalytic and optical properties, in which light can be employed as an additional and sustainable energy input to drive and control molecular transformations. This is attractive not only from the point of view of solar-to-chemical energy conversion but can also allow for the optimization of activities and control over reaction selectivity. For instance, in addition to classical photocatalysis, plasmonic photocatalysis has emerged as a unique strategy to combine plasmonic and catalytic properties at the nanoscale, and open new possibilities for driving molecular transformations under mild conditions and opening new avenues for controlling conversion percentages and product selectivity via selective activation of chemical bonds and enabling new reaction pathways.
Another important area comprises the reduction in the usage of noble metals and/or the replacement of expensive and noble-metals by more abundant and less noble metals while maintaining good catalytic activities and selectivities. The use of single-atom catalysis represents an important contribution towards this goal, as the utilization and efficiency of these noble metals can be maximized. Moreover, several noble-metal free nanomaterials having good activities have been reported. Some doped semiconducting materials and oxides, for example, have also been employed as alternative plasmonic materials to silver and gold. These topics deserve further attention and can play an important role in enabling future industrial applications.
Finally, the stability of nanocatalysts needed to be characterized and improved. Strategies to ensure recover and re-use without signicant loss of activities and selectivities must be developed. This is particularly important for reactions that required high temperature and pressure, and transformations that generate products that can contaminate the catalytic surface. Therefore, the regulation over the surface interactions, metal leaching, metal-support interactions, and the nature of the catalytic process is imperative in order to address catalytic stability.
Nanocatalysis can play a central role in a sustainable future. We believe that the study and the optimization over the catalyst represents an important challenge in nanocatalysis (in addition to the overall process engineering). While we are still in the early stages with respect to a design-driven approach concerning the development of nanocatalysts towards target transformations, important progress has occurred in the last decade as a result of developments in synthesis, characterization, and modeling. Several emerging areas, such as single atom catalysis and plasmonic photocatalysis, represent novel directions of the eld that can take nanocatalysis to a new level. It is clear that an interdisciplinary approach among precise synthesis, applications, benchmarking, understanding, modeling, and characterization is required. In this context, we believe that developments in the synthesis of catalytic systems, in which several physical/chemical parameters can be precisely tuned, is fundamental to enable understanding and allow us to move to the ultimate goal of a revolution in the chemical industry via nanocatalysis.
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